This paper presents the shadowing analysis of a body area network (BAN) diversity antenna based on the statistical measurements of the human walking motion. First, the dynamic characteristics of the armswing motion were measured using human subjects, and a statistical analysis was then carried out using the measured data to extract useful information for the analysis of a BAN diversity antenna. Second, the analytical results of the shadowing effects of the BAN antenna were shown based on the statistical data of the swing motion. The difference between the typical and the realistic arm-swinging models significantly affected the bit error rate (BER) characteristic of the BAN antenna. To eliminate the shadowing caused by the movement of the arms, a BAN diversity antenna was used. Particular emphasis was placed on the evaluation of the spatial separation of the diversity antennas to attain reduction of the signal-to-noise ratio (SNR) required to achieve a specific BER performance, considering the combined outcome of shadowing and multipath fading unique to BAN antenna systems. We determined that an antenna angle separation of greater than 80 • is required to reduce the shadowing effects when the diversity antenna is mounted at the left waist in a symmetrical configuration. Further, an antenna angle separation of 120 • is required when the diversity antenna is mounted in an asymmetric configuration.
Introduction
The increasing demand for wireless communications has accelerated the development of body area network (BAN) systems that can operate in the vicinity of the human body [1] . Practical applications of the BAN systems, which could eliminate wired interconnections, include wearable computers, health monitoring equipment, and entertainment systems.
In BAN systems, variation in the antenna characteristics caused by the motion of the human body is a significant issue [2] - [8] . With regard to computer simulations, animation software has been used successfully to simulate the human walking motion [4] , [5] . However, the dynamic characteristics of a human motion, such as the swing style, speed, stride length, and cycle, are not fully examined. Hence, a typical analytical model that includes the arm-swinging and walking motions of the human body is also an indispensable point to be considered in the analysis of BAN antennas.
BAN systems such as wireless monitoring and remote healthcare strictly require communication reliability and quality. To eliminate the shadowing caused by the human body, the diversity antenna is a promising candidate for practical applications to solve this problem [8] . However, because the measurements are carried out in an anechoic chamber, multipath fading has not been taken into consideration.
In previous studies on cellular radios, a mobile phone was assumed to be used in an outdoor Rayleigh propagation environment in a stationary state of the human body, where dynamic shadowing due to the movement of the human body was not taken into account [9] , [10] .
In contrast, a BAN system is used in a state where the human body moves in an environment that shows severe signal fading because of shadowing caused by the movement of the arms compared with the Rayleigh propagation environment. To analyze this situation, studies have been conducted to assess the communication quality, such as the signal bit error rate (BER), when the combined outcome of shadowing and multipath fading occurs simultaneously in an off-body situation [7] , [11] , [12] . However, the dynamic characterization of the BAN diversity antenna due to the movement of a human body in a shadowing-fading combined environment has not been fully examined.
This paper presents the shadowing analysis of a BAN diversity antenna based on statistical measurements of the human walking motion. First, the dynamic characteristics of the arm-swing motion were measured using a number of human subjects, and a statistical analysis was then carried out using the measured data to obtain useful information for the analysis of the BAN antenna, such as the average swing angle and the standard deviation. Second, we presented the analytical results of the BER degradation of the QPSK signals of the BAN antenna in the case where the combined outcome of shadowing and multipath fading occurred simultaneously when a human walked in a multiple radio wave propagation environment while swinging both arms. The results showed that the probability of a low signal level is higher than that in the Rayleigh environment because of the shadowing caused by the movement of the arms, resulting in a significant effect on the BER performance of bodyattached BAN devices. The difference between the typical and realistic arm-swinging models was also found to have a serious effect on the BER characteristic of the BAN antenna.
To eliminate the shadowing caused by the movement of Copyright c 2013 The Institute of Electronics, Information and Communication Engineers the arms, a BAN diversity antenna is used. In the diversity antenna used in cellular systems, the required antenna separation can be estimated from the theoretical curves derived from Jake's model [13] . However, in the diversity antenna used in BAN systems, the shadowing effects caused by the motions of the human body have a significant effect on the communication quality. Therefore, it is necessary to examine the required antenna separation to reduce the shadowing effects. In the present study, particular emphasis is placed on the evaluation of the spatial separation of the diversity antennas to attain a reduction in the signal-to-noise ratio (SNR) required to achieve a specified BER performance by considering the combined outcome of shadowing and multipath fading unique to the BAN antenna systems. We found that an antenna angle separation of more than 80
• is required to reduce the shadowing effects when the diversity antenna is mounted at the left waist in a symmetrical configuration. We also found that an antenna angle separation of 120
• is required when the diversity antenna is mounted in an asymmetrical configuration. Figure 1 shows a use scenario of the BAN antenna system considered in this study in which the radiation patterns of the diversity antenna are varied as the position of the left arm changes while a human walks. When the arm passes close to the diversity antenna, the radiation patterns may be degraded. On the other hand, when the arm moves away from the diversity antenna, the radiation patterns are restored, indicating that the motion of the human body has a significant effect on the antenna characteristics.
Measurements of the Walking Motion
In the first step of our study, a series of video recording was made when a person walks in a natural swinging way over an 18-m walking distance in a typical classroom of Toyama University, Japan, using thirteen 22 to 25-yearold Japanese male samples. Because our goal is to analyze the BAN diversity antenna mounted on the waist, we focus on the swinging motion of the right and left arms, although the measured video data include much information about the stride length, cycle, and other important data. The movements of the right and left arms are recorded separately for good visibility of the swing motion. Fig. 1 Relationship between the radiation patterns of a diversity antenna and the position of the left arm. Figure 2 shows a snapshot of the walking motion. In this study, the instantaneous swing angle of the arm is defined as the angle of a line that connects the shoulder and the hand with respect to the vertical direction, as shown in Fig. 2 . In addition, the maximum swing angle is defined as the instantaneous swing angle that achieves its maximum value. Figure 2 shows that the maximum swing angle α m is +41.4
Maximum Swing Angle
• in the forward swing direction and −17.4
• in the backward direction. Figure 3 shows the probability distribution of the maximum swing angle α m of the left and right arms. The Gaussian distribution defined by Eq. (1) is also plotted in the figure for comparison using the average value μ and the standard deviation σ.
(1) Figure 3 shows that the measured results agree well with the Gaussian distribution and are spread over the entire angular region, which is equivalent to a large standard deviation, indicating that there is a significant difference in the walking styles among individual humans. Table 1 summarizes the minimum, maximum, average, and standard deviation extracted from the entire video recording data. The average value μ in Table 1 shows that a difference of within 1
• exists between the maximum swing angles of the left and right arms, indicating a small asymmetry. In contrast, Table 1 also shows that a difference of more than 23
• exists between the swing angles in the forward and backward directions, indicating a large asymmetry.
The measured results also show that the average value of the maximum swing angle of the left arm is +37.0
• in the forward direction and −13.5
• in the backward direction. Thus, in this study, a model of the arm-swinging motion is determined to be +40
• and −15 • , respectively, for the forward and backward directions in comparison with the previous studies [7] , [11] , [12] in which the maximum angles of the arm-swinging motion were set to ±40
• .
Instantaneous Swing Motion
Typical snapshots of the arm-swinging motion of a test person with a maximum swing angle close to the average value have been taken. Figure 4 shows the instantaneous swing angle α of the arms. Two illustrations for the walking silhouette in the figure show the direction where the person Fig. 2 Snapshots of the walking motion of a human. faces. Figure 4 Figure 4 shows that the left and right arms swing between +35
• and −15
• , and the two plots of both arms co- • ), the left arm achieves its minimum swing (approximately −15
• ), indicating that one arm reaches the maximum swing angle in the forward direction and the other arm will reach the minimum swing angle in the backward direction simultaneously. Figure 5 shows a comparison of the instantaneous swing angle of the left arm and the two arm-swinging models. The solid line in the graph shows a sine-wave model, whereas the broken line shows a triangle model. Figure 5 shows that there is a good agreement between the instantaneous swing angle and the sine-wave model. As compared with the measured results of the arm-swinging motion, the triangle model has a root mean square error of 4.0
• , whereas that of the sine-wave model is 1.7
• . Although in our previous studies [7] , [11] , [12] we used the triangle model in the simulation, we found in the present study that the sine-wave model has a lesser error than the triangle model, as shown in Fig. 5 . This result means that the sine-wave model is more appropriate to represent the swing motion of the arms.
Shadowing-Fading Combined Analysis Using Statistical Data
In our previous studies [6] , [14] , only the shadowing effects caused by the movement of the arms were taken into consideration; thus, stationary condition from the viewpoint of the radio wave propagation environment was considered. However, in actual-use scenarios in BAN systems, multipath signals generated from surrounding objects, such as household appliances and furniture, must be included in the analysis. In the literature [15] , the shadowing components (slow fading) and multipath components (fast fading) were extracted from the measured data of human subjects in an empirical manner. In the present study, we conducted an analysis of the BAN diversity antenna in which the combined outcome of shadowing and multipath fading is taken into consideration in an analytical manner, where the subject walks in a multiple radio wave propagation environment while swinging both arms [7] , [11] , [12] . Figure 6 shows the analytical model used in the method of moments. Two half-wavelength dipole antennas in a vertical orientation comprising a diversity antenna are mounted on the left waist in a symmetrical configuration with respect to the center of the left arm. Both the dipole antennas are terminated with a load impedance of 50 Ω.
The head and body are approximated using circular cylinders whose dimensions are 18 cm in diameter by 25 cm in height and 22 cm in diameter by 140 cm in height, respectively. The right and left arms are also approximated using circular cylinders whose dimensions are 8 cm in diameter and 60 cm in length. The distance (gap) between the surface of the arms and the body is 4.2 cm.
Angle α is defined as the instantaneous swing angle of the arms. A trapezoidal shoulder shape is located between the head and the body, giving a more realistic geometrical representation of an average Japanese male [16] . The structure and dimensions of the shoulder are described in detail in the literature [9] . The frequency used in the analysis is 950 MHz. The electrical properties of the model are chosen such that the relative permittivity is 55.8 and the conductivity is 0.99 S/m, which are the average values for a human muscle at 950 MHz [17] . Figure 6 (b) shows the position of the diversity antenna seen from the top. Angle φ is defined as the position of the antenna relative to the front of the body, i.e., x-axis. The antenna angle separation represents the angular difference between the two branch antennas, defined as φ 2 − φ 1 , whereas the antenna length separation represents the spatial distance between the two antennas when they are connected to each other in a straight line.
In terms of practical applications, the antenna angle separation is more convenient because the antenna length separation is sometimes difficult to measure, for instance, when the two antennas are located on the other side of the human body. Hence, the antenna separation is mainly defined by the angle in the studies described hereafter. Figure 7 shows a hybrid model that takes into account both the shadowing and the fading effects to analyze the arm-swinging dynamic phantom walking in a multipath environment in which the BAN antenna mounted on the phantom communicates with a wireless access point located at a distance from the operator, i.e., an off-body situation. Figure 7 shows that the phantom is surrounded by a uniform distribution of 15 scatterers (N = 15) in the horizontal plane, which simulates a large number of radio waves reflected or diffracted by the surrounding objects. Using this model, a Rayleigh propagation channel can be realized by setting a collection of random phases for the scatterers. The validity of this model is supported by the fact presented in [15] that the Rice factor is close to zero in walking scenarios in an indoor environment; hence, we can approximate the fading statistic with a Rayleigh distribution (see Table 6 in [15] ). Figure 8 shows the analysis method that simultaneously takes into account the arm-swinging and walking motions. The left and right arms swing in the forward (α m = +40
• ) and backward (α m = −15 • ) directions with respect to the human phantom. A two-way arm swing, corresponding to two paces, is defined as the swing motion that begins from α = −15
• , passes through α = +40
• in between, and terminates at α = −15
• at the end of the swing, as shown in Fig. 8 .
First, the two-way swing is divided into 22 small angular fragments, with each fragment occupying a 5
• swing motion. In the entire 5
• angular region, the radiation patterns are calculated using the method of moments. Employing a constant-radiation pattern within the 5
• region, fading signals are created using a Monte Carlo simulation that calculates every snapshot by summing all the paths between the ith scatterer and a dipole antenna.
The Monte Carlo simulation procedure is described in detail in the literature [18] . In the next 5
• region, the radiation pattern changes, and fading signals are created in the same manner as mentioned earlier. It should be noted that the fading signals are continuous between two successive 5
• regions because they are created by applying continuousphase changes to the signals of each path caused by the movement of the diversity antenna throughout the walking distance. This process is repeated until the phantom has covered the prescribed walking distance.
In the case of the triangle model used in [7] , [11] , and [12] , the same numbers of snapshots appear in all the 5
• angular regions, whereas in the case of the sine-wave model, different numbers of snapshots appear depending on the angular region. For example, the number of snapshots for the 5
• angular regions at the top and bottom parts of the sinewave model is 60, but the number of snapshots between them is 13. This fact results in a phenomenon caused by the difference between the triangle and sine-wave models such that when the arm passes in the vicinity of the dipole antenna placed at φ = 90
• , the triangle model remains for a longer period than the sine-wave model. Consequently, the difference of the two models significantly affects the BAN antenna characteristics, as will be mentioned in the next section.
Effect of the Human Walking Model
This section presents as a preliminary investigation the analysis conducted using a single dipole antenna to gain useful information on how the different walking models affect the assessment of the radiation characteristics and communication quality of a BAN antenna. Figure 9 shows the VSWR characteristics of a dipole antenna in different locations mounted on the human body with respect to the normalized impedance of 50 Ω as a function of the angle of the left arm. When φ = 30
• , small changes are observed in the VSWR because of the large distance between the dipole antenna and the left arm, whereas when φ = 90
• , appreciable variations in the VSWR are observed because of the electromagnetic proximity effects between them.
When angle α of the left arm is set between ±5
• for φ = 90
• , the VSWR decreases as compared with that outside this region. The reason for this phenomenon may be because the radio waves reflected back from the arm are combined with those of the body (abdomen) in the out-of-phase state at the input terminal of the antenna.
In addition to the supposition of the mechanism responsible for the variations in the VSWR mentioned above, a possible cause of the reduction in the VSWR is the dissipated power loss absorbed in the left arm because it is reported in [7] and [12] that approximately 80% of the power in the maximum available power generated by a generator connected to the antenna input terminal is absorbed in the left arm. An in-depth investigation on this subject will be addressed in our future studies.
The degradation in the VSWR results in an impedance mismatch loss and, hence, is taken into consideration in the calculation of the radiation characteristics and related physical quantities such as the signal BER mentioned hereafter. Figure 10 shows the radiation efficiency as a function of the angle of the left arm relative to the location of the dipole antenna varying around the surface of the human body as a parameter. As shown in Fig. 9 , the radiation efficiency shown in Fig. 10 includes the power loss caused by impedance mismatch. The vertical line in Fig. 10 shows the angle of the left arm corresponding to −15
• . In our previous model, the entire angle range from +40
• to −40 • was used in the analysis [7] , [11] , [12] . In the current study, however, we adopt the angular range from +40
• to −15 • in the analysis, which corresponds to the region drawn on the right-hand side of the figure from the • , as shown by the solid line and symbol in Fig. 10 , part of the graph that shows a good radiation efficiency, which corresponds to the angular region from −40
• , is excluded from the analysis, leading to the degradation in the radiation efficiency, on average. Figure 11 shows the cumulative distribution function (CDF) of the multipath signals when the phantom walks with a stride length of 70 cm over a distance of 16.8 m (53.2 wavelengths at 950 MHz) with the location of the dipole antenna φ and the analytical swing model as parameters. The number of snapshots is set to 100 samples per wavelength. The polarization is assumed to be vertical. The theoretical curve of the Rayleigh response is also included in the figure. This phenomenon can be explained as follows. As shown by the solid line and symbol in Fig. 10 , the use of the angular region from +40
• to −15
• results in the increase in the probability of poor radiation efficiency observed in the angular range between +20
• and +30 • in Fig. 10 . In Fig. 11 , symbol denotes the case when the antenna is located at φ = 90
• . The CDF curves of φ = 90
• are significantly degraded as compared with those of φ = 30
• because of the effects of shadowing due to the movement of the arms. This topic is addressed in the next section in more detail.
The difference between the two curves represented by symbols and is caused by the difference in the swing model used in the analysis. The sine-wave model has better CDF characteristics (shifted downward) than the triangle model. The reason is attributed to the fact that when the arm passes close to the dipole antenna, the triangle model allows the arm to remain in the vicinity of the dipole antenna for a longer period than the sine-wave model, resulting in a decrease in the probability of low signal level for the sine-wave model. Figure 12 shows the BER characteristic of the QPSK signals with the location of the dipole antenna and the analytical swing model as parameters. The theoretical curve for the Rayleigh response is also included in the graph. Symbols • and denote the case when the dipole antenna is located at φ = 30
• and φ = 90 • , respectively. We examined two subjects that have the same parameters as in Fig. 11 , namely, the difference in the angular region and the difference in the swing model. Similar to the CDF curves shown in Fig. 11 , a significant degradation can be seen in the BER curves for φ = 90
• as compared with those for φ = 30
• , which is caused by the effects of shadowing due to the movement of the arms.
The difference in the angular region and the swing model yields results similar to those observed in Fig. 11 as follows: the BER curve for the angular region from +40 better BER characteristic than the triangle model. These observations can also be explained by the similar mechanism shown in Fig. 11 . As mentioned earlier, the combined outcome of shadowing and multipath fading based on the statistical measurements of a human walking motion revealed that the difference in the angular region and the difference in the swing model seriously affect the BER characteristic of the BAN antenna. Hence, we will use the sine-wave model with the angular range from +40
• as the analytical model because it simulates well the actual human walking motion, as described in Sect. 2. The analytical results show that the probability of a low signal level is higher than that of the Rayleigh distribution because of the shadowing caused by the movement of the arms, resulting in a significant effect of the arm-swinging motion on the BER performance of the body-attached BAN devices. We then attempt to use a diversity antenna to eliminate this degradation, as described in the next section. Figure 13 shows the BER characteristic of the QPSK signals with the separation of the diversity antenna as the parameter when selection diversity is applied. In the figure, the situations that represent the swinging and fixed arms are indicated by the solid and broken lines, respectively. Fixed arm means that the angle of the left and right arms is fixed at α = +90
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• and α = −90 • , respectively, i.e., no arm movement takes place. The theoretical curves of the Rayleigh response are also included in the graph. Figure 13 shows that, in the case of the swinging arm, when BER = 10 −3 , a 12-dB degradation in the SNR can be seen with the separation of the diversity antenna changing from 80
• to 20
• , which indicates that the separation of the diversity antenna has a significant effect on the BER characteristics. Furthermore, when the diversity antenna is located at φ 1 = 50
• and φ 2 = 130
• , the performance of the BER characteristics in the case of the swinging arm is degraded by only 2 dB as compared with that in the fixed-arm case, indicating that a good performance can be achieved when the diversity antenna is designed with a separation of 80
• . Figure 14 shows the average SNR characteristic when BER = 10 −3 as a function of the antenna angle separation, which is defined by Δφ = φ 2 − φ 1 , as shown in Fig. 6(b) .
In Fig. 14, symbol • denotes the case when the diversity antenna is mounted at the left waist in a symmetrical configuration. In contrast, symbol denotes the case when the diversity antenna is mounted at the left waist in an asymmetrical configuration, where one of the diversity branches is fixed at φ 2 = 90
• . The inset shows the geometrical relationship about the position of the diversity antenna seen from the top.
When the antenna separation Δφ in a symmetrical configuration is 10
• , the average SNR is required to be 31 dB. As the antenna separation is increased, the average SNR decreases. However, when the antenna separation is greater than 80
• , the average SNR is found to be 15 dB and remains unchanged after 80
• . Hence, an antenna separation of greater than 80
• is clearly required to eliminate the shadowing effects caused by the movement of the arm.
On the other hand, in an asymmetrical configuration when the antenna separation is 10
• , the average SNR is required to be 32 dB. In contrast to the symmetrical configuration case, the average SNR has a minimum value of 16 dB when Δφ = 120
• , and the SNR increases after Δφ = 120
• . The reason is that when one branch is located at φ 1 = −90
• and the other branch is fixed at φ 2 = 90
• , the diversity antenna is influenced by the shadowing effect caused by the movement of both arms. Hence, it is found that an antenna separation of 120
• is required to eliminate the shadowing effects in the asymmetrical configuration case.
Some difficulties may be encountered in realizing a BAN diversity antenna that has a large antenna separation as described above. One solution to this problem is to utilize a body-worn antenna system [19] in which two low-profile antenna elements are placed separately in space at two different locations in the human body. Figures 15 and 16 show the relationship between the instantaneous swing angle of the left arm and the instantaneous response of the multipath signals of both branches of the diversity antenna with different separation when a human walks over a distance of 140 cm, equivalent to 4.43 wavelengths at 950 MHz, with a stride length of 70 cm. The diversity branches are mounted at φ 1 = 80
• and φ 2 = 100 • , as shown in Fig. 15 , whereas they are at φ 1 = 50
• , as shown in Fig. 16 . In Figs. 15(a) and 16(a) , the arrows indicate the situations when the left arm is overlapped by either of the diversity branches. When the left arm passes in the vicinity of the diversity antenna, a significant signal reduction of more than 10 dB is observed as compared with that of the fixed arm. Figure 15 shows that there is a possibility of overlapping of both the diversity branches with the arm because the separation of the diversity antenna is narrow. In this situation, the signals of the two branches simultaneously drop. Therefore, the reduction in the signal level cannot be restored by the diversity antenna.
In contrast, Fig. 16 shows that one of the diversity branches remains at a high signal level even though the arm approaches the diversity antenna because of the large antenna separation, indicating that the diversity antenna functions effectively. Thus, when the diversity antenna is located at φ 1 = 50
• and φ 2 = 130 • , good BER characteristics can be achieved, as shown in Fig. 13 . Figure 17 shows the CDF of the multipath signals when the phantom walks over a distance of 16.8 m (53.2 wavelengths at 950 MHz) with a stride length of 70 cm while swinging both arms. Figure 17(a) shows the case when the diversity antenna is located at φ 1 = 80
• and φ 2 = 100 • , whereas Fig. 17(b) shows the case when the diversity antenna is located at φ 1 = 50
• . Branches 1 and 2 are respectively denoted by symbols • and , whereas the curve of the selection diversity is denoted by symbol . The theoretical curves of the Rayleigh response and selection diversity are also included in the graph. Figure 17 (a) shows that the CDF curves of both branches experience a severe degradation as compared with the Rayleigh response, and the CDF of the selection diversity coincides approximately with the theoretical curve of the Rayleigh response. This condition explains why when the diversity antenna is located at φ 1 = 80
• and φ 2 = 100
• , the BER characteristics of the selection diversity agree with the theoretical BER curve of the Rayleigh environment shown in Fig. 13 .
In contrast to Fig. 17(a) , Fig. 17(b) shows that the CDF curves of both branches are approximately in agreement with the Rayleigh response, and the CDF of the selection diversity coincides with the theoretical selection diversity curve. This condition explains why when the diversity antenna is located at φ 1 = 50
• and φ 2 = 130 • , the BER characteristics of the selection diversity agree with the theoretical BER curve of the selection diversity shown in Fig. 13 .
To investigate in more details the mechanism that causes the diversity effect, the θ-polarized radiation patterns for the two branches are analyzed. Figure 18 shows the case where the diversity antenna is located at φ 1 = 80
• , whereas Fig. 19 shows the case where the diversity antenna is located at φ 1 = 50
• . The inset shows the geometrical relationship between the diversity antenna and the left arm seen from the top. Figure 18 (a) shows the case where both branch antennas are located behind the left arm, leading to a significant reduction in the radiation patterns for both Branches 1 and 2. The antenna gain for all angles in the XY-plane is less than −15 dBd, indicating a poor performance of the diversity antenna. This situation corresponds to the part of the instantaneous response shown in Fig. 15(b) where the two arrows overlap, as indicated by letter "A." In Fig. 18(b) , only Branch 2 is located behind the left arm, which causes the radiation pattern of Branch 2 to be reduced but that of Branch 1 to increase. However, there is a significant reduction in the radiation patterns for Branch 1, due to a small distance between Branch 1 and the left arm. This situation corresponds to the part of the instantaneous response shown in Fig. 15(b) , indicated by letter "B." Figure 18(b) explains the reason why the BER in Fig. 13 and the CDF in Fig. 17(a) are degraded even though selection diversity is applied. Figure 19 shows a situation similar to that shown in Fig. 18(b) where only Branch 2 is located behind the left arm. However, a large distance exists between Branch 1 and the left arm, and thus we see a large radiation pattern for Branch 1. This situation corresponds to the part of the instantaneous response shown in Fig. 16(b) , indicated by letter "C." Figure 19 explains the reason why the BER in Fig. 13 and the CDF in Fig. 17(b) show a good performance when the selection diversity is applied. In general, the diversity antenna is strongly affected by the spatial correlation between branches [10] . Thus, we have examined the correlation characteristics of the diversity antenna under consideration. Figure 20 shows the correlation coefficient as a function of the antenna length separation (i.e., spatial distance), rather than the angular separation. Symbol denotes the case of the swinging arm, whereas symbol • shows that of the fixed arm.
We can see that the correlation coefficient of the swinging arm is close to that of the fixed arm. Therefore, we can infer that there is little relationship between the correlation coefficient and the shadowing effect caused by the movement of the arms. When the antenna length separation is larger than 0.15λ, equivalent to an antenna angle separation larger than 20
• , the correlation coefficient of the swinging arm is smaller than 0.6, indicating that the correlation coefficient is sufficiently small to achieve a good diversity effect. Hence, it is concluded that the correlation coefficient is not the dominant factor for the degradation of the diversity effect shown in Figs. 13 and 17 . Figure 20 also shows the two curves of the correlation coefficient with and without electromagnetic mutual coupling. The term "without mutual coupling" means that the analysis is carried out using an array antenna comprising a quasi-half wavelength dipole array antenna in the absence of the phantom, constructed with single dipole antennas being placed at two different locations. The curve in the case without mutual coupling coincides exactly with the theoretical curve of the Jake's model [13] . On the other hand, the term "with coupling" means that the analysis is carried out using an array antenna comprising two half-wavelength dipole antennas arranged in a parallel configuration in the absence of the phantom. The two dipole antennas are terminated with a load impedance of 50 Ω. Figure 20 shows that the correlation coefficients of both the swinging and fixed arms approximately agree with the curve in the case with mutual coupling. Hence, we can conclude from this fact that the reduction in the correlation coefficients of the two arm situations is predominantly caused by the mutual coupling between the two branches compared with that of the Jake's model. This observation is also described in detail in the literature [20] .
Conclusion
In this study, we have conducted an analysis on the shadowing of a BAN diversity antenna based on statistical measurements of a human walking motion. First, the dynamic characteristics of the arm swing motion were measured using a number of human subjects; then, a statistical analysis was carried out using the measured data to extract useful information for the analysis of the BAN diversity antenna. The maximum swing angle in the forward swing direction was measured to be +37
• and that in the backward direction was −13
• . The swing style was found to represent a sine wave. Second, the analytical results of the shadowing effects of the BAN antenna were shown based on the statistical data of the swing motion. The difference between the typical and realistic arm-swinging models seriously affected the BER characteristic of the BAN antenna. To eliminate the shadowing caused by the movement of the arms, a BAN diversity antenna was used.
In the case of the symmetrical configuration, when the antenna separation was greater than 80
• , the average SNR was found to be 15 dB and it remained unchanged beyond 80
• . Hence, we found that an antenna separation larger than 80
• is clearly required to eliminate the shadowing effects caused by the movement of the arm. In the asymmetrical configuration case, the average SNR had a minimum value of 16 dB when the antenna separation was 120
• . Hence, it is found that an antenna separation of 120
• is required to eliminate the shadowing effects in the case of an asymmetrical configuration.
The mass of knowledge on the antenna separation obtained from this study can also be used in sensor network cooperative communication systems for BAN applications [21] . In such systems, a number of sensor devices may be mounted on a human body and communicate with an access point located away from the human body. Hence, mitigation of the shadowing effects due to the movement of the arms is a significant issue in realizing these systems.
The analyses in this study were all carried out using half-wavelength dipole antennas; therefore, it is essential to analyze a compact antenna that can be used for the commercially available BAN radio modules. For practical applications, it is also important to consider an empirical or experimental method in the characterization of the BAN antennas. We are currently studying the use of a fading emulator. These topics will be reported in a separate paper.
